Introduction {#S0001}
============

Pancreatic ductal adenocarcinoma (PDAC) is a malignant tumor with high mortality, with nearly 80% of PDAC patients diagnosed as advanced stage.[@CIT0001],[@CIT0002] Despite many advances achieved in comprehensive treatment, the overall 5-year survival rate for PDAC is still approximately 5%.[@CIT0003] Due to the rapid distal metastasis and local recurrence after surgical resection, the 5-year survival rate is \<20% even in the patients with early stage.[@CIT0004] The prognosis of PDAC is still far from optimistic.

The genetic background of pancreatic cancer is intricate and complicated.[@CIT0005],[@CIT0006] Although *KRAS, CDKN2A, SMAD4*, and *TP53* are known as driver genes in PDAC, these genes could neither predict the potential prognosis, nor influence the treatment strategy in PDAC. Therefore, there is still an urgent need to find new candidates of driver gene in PDAC. A variety of genetic changes exist during the tumorigenesis of pancreatic cancer, including epigenetic changes and driver gene mutations.[@CIT0007] Aberrant DNA methylation is the most common epigenetic alteration in human cancers.[@CIT0008] DNA methylation is a covalent chemical modification, which adds a methyl group to carbon-5 of the cytosine ring in the CpG islands. DNA promoter hypermethylation, especially in tumor suppressor genes, results in transcription silence and facilitating the occurrence and development of tumors.[@CIT0009],[@CIT0010] Current investigations have demonstrated the important role of DNA hypermethylation in pancreatic tumorigenesis, whereas the reversals of DNA methylation lead to the reduction of pancreatic tumor burdens.[@CIT0011],[@CIT0012] Thus, DNA methylation alteration may be a valuable target for PDAC therapy.

DNA methyltransferases (DNMTs), including DNMT1, DNMT3a and DNMT3b, are known as the key cellular enzymes transferring the methyl group to 5ʹcytosine. DNMT1 keeps methylation patterns in newly-biosynthesized DNA during replication.[@CIT0013],[@CIT0014] However, DNMT3a is referred to as de novo methyltransferase for its ability to maintain the methylation in hemi-methylated and unmethylated CpG sites.[@CIT0014],[@CIT0015] Recent clinical pathological analyses have confirmed that the expression of three DNMTs increased in PDAC when compared with adjacent tissues, and the high expression of DNMTs are relevant to poor overall survival (OS) in PDAC patients.[@CIT0016],[@CIT0017] Zhang et al have proposed that DNMT1, DNMT3a, and DNMT3b were significant poor prognostic factors via analysis of 57 patients with PDAC. Multivariate analyses indicated that high expression of DNMT3b was a significant independent poor prognostic factor.[@CIT0017] Another multivariate analysis, from the research of 66 PDAC patients, reported that high expression of DNMT1, but not DNMT3a or DNMT3b, was a statistically significant independent poor prognostic factor. Further investigations have revealed that DNMT1 promotes the cell proliferation of pancreatic cancer by accelerating cell cycle progression and inhibiting apoptosis caused by BAX gene methylation.[@CIT0018] However, the underlying mechanisms of DNMT3a have not been revealed due to the limited participants and the lack of basic experimental research. It is still a great significance to clarify the pathological characteristics and the functions of DNMT3a in PDAC.

In the present study, we investigated the expression of DNMT3a, its correlation with clinical pathological parameters and prognosis in PDAC. Furthermore, we found that DNMT3a could promote the proliferation of PDAC cells by accelerating cell cycle progression and suppressing apoptosis, partially through the regulation of caspase-8 expression. The results of our study clarified the significant prognostic role of DNMT3a in PDAC and characterized the underlying molecular mechanisms, which may help to ameliorate the poor prognosis of PDAC patients.

Materials and methods {#S0002}
=====================

Patients and specimens {#S0002-S2001}
----------------------

A total of 136 PDAC patients undergoing surgery between January 2009 and December 2012 were selected from Shengjing Hospital of China Medical University. Six patients were excluded because of death within 30 days after surgery. Prognostic data and pathological specimens were not available in 12 patients. The remaining 118 patients were finally included in the study. The study was approved by the Institutional Research Ethics Committee of Shengjing Hospital and conducted according to the Declaration of Helsinki. Medical records including clinical and pathological characteristics were gathered and organized. The pathological diagnoses of PDAC were confirmed by two pathologists. The clinical stage was defined according to the 7th Edition of American Joint Committee on Cancer (AJCC). The OS was defined as the interval from surgery to death from any cause. The final follow-up ended on January 20, 2016. The median follow-up time was 62.2 months.

Cell cultures {#S0002-S2002}
-------------

The human PDAC cells, PANC-1 and SW1990, were obtained from the Type Culture Collection of the Chinese Academy of Sciences. The cells were cultured in RPMI1640 medium (Gibco, Gaithersburg, MD, USA) supplemented with 100 U/mL penicillin--streptomycin and 10% FBS (Hao Yang Biological Technology Limited Liability, TianJin, China) at 5% CO~2~ and 37°C.

Immunohistochemistry {#S0002-S2003}
--------------------

PDAC patients' tumor sections (3 μm thick) were deparaffinized and rehydrated in a graded series of ethanol. The expressions of DNMT3a and Ki67 were detected by standard methods according to the S-P immunohistochemical kit (Fuzhou Maixin Biological Technology, Fuzhou, China). All sections incubated with Ki67 (working solution; Fuzhou Maixin Biological Technology) and anti-DNMT3a antibody (1:200; Santa Cruz Biotechnology, Santa Cruz, CA, USA) were preserved overnight at 4°C. The immune complex was visualized using 3,30-diaminobenzidine tetrahydrochloride (DAB kit; Fuzhou Maixin Biological Technology). Nuclear staining was considered as a positive stain for DNMT3a and Ki67. The evaluation of Ki67 was based on the percentage of positive staining cells. The final Ki67 staining score index was graded as follows: 0--20%, weakly positive expression and \>20%, strongly positive expression. The evaluation of DNMT3a was based on the intensity staining and percentage of positively stained cells. The intensity of DNMT3a staining was graded as follows: 0, no staining; 1, mild staining; 2, moderate staining; and 3, intense staining. The percentages of positive staining cells were scored as follows: 0, no staining of cells; 1, 1--25%; 2, 26--50%; 3, 51--75%; and 4, 76--100%. The final DNMT3a staining score index was graded as follows: 0--5, weakly positive expression and \>=6, strong positive expression. Final scores were evaluated by two pathologists blinded to the clinical pathological data.

Transient transfection {#S0002-S2004}
----------------------

Small interfering RNA (siRNA) sequences specifically targeting DNMT3a (1\# siRNA: 5ʹ-GCGUCACACAGAAGCAUAUTT-3ʹ, 5ʹ-AU AUGCUUCUGUGUGACGCTT-3ʹ; 2\# siRNA: 5ʹ-CGGCUCUUCUUUGAGUUCUTT-3ʹ, 5ʹ-AGAACUCAAAGAAGAGCCGTT-3ʹ), siRNA CASP8: 5ʹ-GAUCAGAAUUGAGGUCUUUtt-3ʹ, 5ʹ-AAAGACCUCAAUUCUGAUCtg-3ʹ and negative control siRNA (siRNA NC: 5ʹ-AATTCTCCGAACGTGTCACGT-3ʹ) were constructed by Gemma Pharmaceutical Technology (Shanghai, China). For transient transfection, PDAC cells were transfected with Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) and siRNA. Methods were performed according to the manufacturer's instructions.

Gene expression profiles and data analysis {#S0002-S2005}
------------------------------------------

PANC-1 cells transfected with siRNA NC or 1\# siRNA DNMT3a for 48 hrs were collected and washed in 4°C PBS three times, and dissolved in TRIzol for analysis. Affymetrix GeneChip Human Transcriptome Array analysis (Affymetrix, Santa Clara, CA, USA) was performed by Shanghai Oebiotech (Shanghai, China). Raw data were acquired using AGCC 4.0 (Affymetrix GeneChip Command Console, version 4.0; Affymetrix).

Western blot analysis {#S0002-S2006}
---------------------

PANC-1 cells and SW1990 cells were collected and lysed in lysis buffer. The supernatant concentration was measured by the Coomassie Brilliant Blue G-250 method. The proteins were diluted in 3× SDS loading buffer, then boiled for 5 mins at 95°C. Equal amounts of protein were separated with 10% or 8% SDS-PAGE, then transferred to PVDF membranes. The PVDF membranes were blocked with 5% skim milk in TTBS buffer for 1 hr at room temperature, and then incubated overnight with the indicated antibodies at 4°C. The following day, after washing with TTBS buffer, the PVDF membranes were incubated with secondary antibodies for 30 mins at room temperature. The MicroChemi 4.2 Electrophoresis Gel Imaging Analysis System (DNR Bio-Imaging Systems, Jerusalem, Israel) was used to visualize the protein expression bands.

MTT assay {#S0002-S2007}
---------

PANC-1 cells and SW1990 cells were trypsinized; then, 6×10^3^ cells were plated into each well in 96-well plates with three replicate wells for each condition. After transfection, cells were cultured in 96-well plates for 48 or 72 hrs. Twenty μL MTT (5 mg/mL) was then added to each well, and incubated at 37°C for 4 hrs. After removal of the MTT mixture, 200 μL dimethyl sulfoxide was added to each well to dissolve the formazan crystals. A Model 550 microplate reader (Bio-Rad Laboratories, Hercules, CA, USA) was used to measure the optical density at 570 nm. Independent experiments were repeated three times.

Colony formation assay {#S0002-S2008}
----------------------

The transfected PANC-1 cells and SW1990 cells were plated into 12-well plates (5×10^2^ cells/well) and cultured in RPMI 1640 medium containing 10% FBS with three replicate wells for each condition. After incubation for 2 weeks, the supernatants were carefully removed. The colonies were fixed with 4% formaldehyde for 1 min; then, stained with 0.1% Giemsa stain for 40 mins. The colonies containing \>50 cells were counted and photographed. Independent experiments were repeated three times.

Cell cycle analysis {#S0002-S2009}
-------------------

After transfection with siRNA for 48 hrs, PANC-1 cells were collected and washed with cold PBS twice, then fixed with 4°C 70% ethanol overnight at 4°C. RNase A dissolved in PBS (100 μg/mL) was incubated with the cells for 30 mins at 37°C. Propidium iodide (PI; 5 mg/mL) was used for DNA staining. Each group of cells was incubated with 5 μL of PI for another 30 mins at 37°C in the absence of light. Cell cycle distribution was analyzed using a Becton Dickinson flow cytometer (BD Accuri C6 FACScan; BD Biosciences, San Jose, CA, USA) and ModFit LT software (<http://www.vsh.com/products/mflt/index.asp>), version 3.3. All experiments were repeated three times.

RNA extraction, reverse transcription (RT), and real-time quantitative PCR (qPCR) {#S0002-S2010}
---------------------------------------------------------------------------------

According to the manufacturer's instructions, total RNA from cell cultures was extracted using TRIzol reagent (Invitrogen). The cDNA was then synthesized from total RNA using the PrimeScript RT reagent kit with the gDNA Eraser (Takara, Shiga, Japan) method. Real-time qPCR was performed using an Applied Biosystems 7500 Real-Time PCR Systems (Thermo Fisher Scientific, Waltham, MA, USA) using the SYBR Premix EX TaqTM II (Tli RNaseH Plus; Takara). The 18S was treated as an internal control. Data were analyzed using the Applied Biosystems 7500 software program, version 2.3 (Applied Biosystems, Foster City, CA, USA) with the automatic Ct setting for adapting baseline and a threshold for Ct determinations. The relative expression levels of mRNA were calculated by the comparative cycle threshold (Ct) and 2^−ΔΔCT^ method.

The sequences of the primers used were the following:

IL6-forward: 5ʹ-TCTCCACAAGCGCCTTCG-3ʹ;

IL6-reverse: 5ʹ-CTCAGGGCTGAGATGCCG-3ʹ;

IL8-forward: 5ʹ-CACCACTTTCTGGAGCAT-3ʹ;

IL8-reverse: 5ʹ-CATTGAGGAATAGGAGGG-3ʹ;

IL11-forward: 5ʹ-TCTCTCCTGGCGGACACG-3ʹ;

IL11-reverse: 5ʹ-AATCCAGGTTGTGGTCCCC-3ʹ;

18S-forward: 5ʹ-CCCGGGGAGGTAGTGACGAAAAAT-3ʹ;

18S-reverse: 5ʹ-CGCCCGCCCGCTCCCAAGAT-3ʹ.

The reaction was performed for 30 s at 95°C, followed by 45 cycles at 95°C for 5 s, 59°C for 34 s, 72°C for 30 s, with a final extension at 72°C for 30 s. Each reaction was performed in triplicate.

ELISA {#S0002-S2011}
-----

The cells were trypsinized, and 3×10^5^ cells were plated in each well in 6-well plates. After transfection with the negative-control siRNA, IL8 siRNA, or DNMT3a siRNA for 48 hrs, the supernatant was collected for the ELISA reaction. According to the manufacturer's instructions, the ELISA reaction was conducted using the Human CXCL8/IL-8 DouSet ELISA kit (15 Plate, DY208) from R&D Systems (Minneapolis, MN, USA).

Apoptosis analysis {#S0002-S2012}
------------------

A total of 3×10^5^ cells per well were plated into 6-well plates. After transfection with negative control siRNA, DNMT3a siRNA and CASP8 siRNA using Lipofectamine 2000 for 72 hrs, the cells were harvested and resuspended in 1× binding buffer containing Annexin V-FITC and PI according to the AnnexinV-FITC/PI Apoptosis Detection Kit instructions. The apoptotic cells were analyzed using a BD flow cytometry Accuri C6 (BD Biosciences). Independent experiments were repeated three times.

Co-immunoprecipitation {#S0002-S2013}
----------------------

Ten μL of rabbit anti-FADD antibody or control IgG mixed with Protein A agarose beads (GE Healthcare Bio-Sciences, Pittsburgh, PA, USA) was used with 200 μg protein of the cell lysate for co-immunoprecipitation. A final volume of 400 μL of intermixture was gently rocked overnight at 4°C. The beads bound to target proteins and antibodies were centrifuged at 14,000 rpm for 1 min, then washed with lysis buffer four times. Sixty μL of sampling buffer was added, and boiled for 5 mins at 95°C. All samples were then subjected to Western blotting.

Statistical analysis {#S0002-S2014}
--------------------

Data statistical analysis was conducted using SPSS statistical software for Windows, version 17.0 (SPSS, Chicago, IL, USA). All values are expressed as the mean ± standard error. Data of PDAC patients were compared with Fisher's exact test or the chi-square test, as appropriate. The Kaplan--Meier method was used for survival data analysis, and the differences were tested using the log-rank test. The Cox proportional hazard model was used for multivariate analysis, and a forward stepwise method was used to include variables in the model. Student's *t*-test (two-tailed) was used to evaluate the differences between two groups. Differences between the multiple groups were evaluated by one-way analysis of variance with a post-hoc LSD test. A value of *P*\<0.05 was considered statistically significant.

Results {#S0003}
=======

Overexpression of DNMT3a is associated with poor prognosis of PDAC patients {#S0003-S2001}
---------------------------------------------------------------------------

To identify the exact role of DNMT3a in the progression of PDAC, immunohistochemistry was performed to examine the expression levels of DNMT3a in human PDAC tissues. It was found that the positive rate of DNMT3a was 86.4% and the positive rate of Ki67 was 99.1%. DNMT3a significantly overexpressed in PDAC tissues compared with the adjacent normal tissues ([Figure 1A](#F0001){ref-type="fig"}). Furthermore, the relationship between the overexpression of DNMT3a and the clinicopathological status of PDAC patients was analyzed. As shown in [Table 1](#T0001){ref-type="table"}, higher DNMT3a expression was significantly associated with TNM (*P*=0.019), worse differentiation (*P*=0.012), and a higher expression of Ki67 (*P*=0.001). However, there was no significant correlation between DNMT3a expression and other clinicopathological features, such as patient age, tumor size, vascular invasion, and perineural invasion.Table 1Correlation between DNMT3a expression and clinicopathological characteristics in 118 cases of PDACCharacteristicsAll cases (N=118)DNMT3a expression*χ*^2^ value*P*-valueLow (%)High (%)**Age (years)** ＜605633 (28.0)23(19.5) ≥606238 (32.2)24(20.3)0.0680.794**Gender** Female5238 (32.2)14(11.9) Male6633 (28.0)33(28.0)6.4630.011**Tumor size(cm)** ＜45135(29.7)16(13.6) ≥46736(30.5)31(26.3)2.6810.102**TNM stage** I4835 (29.7)13(11.0) Ⅱ+Ⅲ7036 (30.5)34(28.8)5.4860.019**Differentiation** Moderate-well10065(55.1)35(29.7) Poor186(5.1)12(10.2)6.3830.012**Vascular invasion** No6242(35.6)20(16.9) Yes5629(24.6)27(22.9)3.1260.077**Perineural invasion** No9556(47.5)39(33.1) Yes2315(12.7)8(6.8)0.3040.582**Ki67** ≤208660 (50.8)26(22.0) ＞203211(9.3)21(17.8)12.190.001[^1] Figure 1DNMT3a is elevated in PDAC patients and predicts poor prognosis. **(A)** Representative images of DNMT3a and Ki67 protein staining in normal pancreatic ductal epithelium and PDAC. DNMT3a was localized within the cytoplasm and nucleus, while Ki67 was localized within the nucleus only. Both DNMT3a and Ki67 were elevated in PDAC tumor cells. Scale bar: 100 μm. **(B)** Univariate Cox regression survival analysis and the log-rank test indicated high DNMT3a (left) and high Ki67 (right) expressions were associated with poor overall survival.**Abbreviations:** DNMT, DNA methyltransferase; PDAC, pancreatic ductal adenocarcinoma.

Kaplan-Meier analysis showed that PDAC patients with higher expression of DNMT3a had poor OS. The median survival time of high DNMT3a expression PDAC patients was 12.49 months, while the median survival time of PDAC patients with low DNMT3a expression was 21.60 months (*P*=0.009) ([Figure 1B](#F0001){ref-type="fig"}). As shown in [Table 2](#T0002){ref-type="table"}, high expression of DNMT3a, larger tumor size, lymph node metastasis, poor tumor differentiation, high TNM staging, high serum CA199, and high expression of Ki67 were associated with poor prognosis. We fitted the seven factors above into multivariate Cox proportional hazard model analyses. The multivariate analyses identified excessive DNMT3a expression (*P*=0.005 HR=1.887; 95% CI=0.214--2.933) and high CA199 levels (*P*=0.004; HR=2.826; 95% CI=1.401--5.701) as independent prognostic factors for poor OS ([Table 3](#T0003){ref-type="table"}). Taken together, these results suggested that excessive DNMT3a expression was an independent and promising prognostic factor in PDAC.Table 2Univariate survival analysis (Log-Rank) of the clinicopathological characteristics, DNMT3a and Ki67 in 118 cases of PDACVariableCasesEventsMedian survival (months)*P*-value**Age**0.314 ≤60564814.66 ＞60624917.69**Sex**0.620 Female524117.23 Male665616.24**Tumor size**0.017 ＜4 cm513923.97 ≥4 cm675814.66**Lymph node metastasis**0.027 No816419.56 Yes373311.31**TNM staging**0.037 I483823.90 II + III705913.38**Tumor differentiation**0.035 Well-moderate1008218.84 Poor18157.83**Vascular invasion**0.052 No624921.60 Yes564814.66**Perineural invasion**0.595 No957716.90 Yes232016.41**Serum CA199**^a^0.007 ≤35 U/mL16928.73 ＞35 U/mL857415.03**Ki67**0.009 Low866819.17 High322912.43**DNMT3a expression**0.009 Low715621.60 High474112.49[^2][^3] Table 3Multivariate survival analysis (Cox regression) of the clinicopathological characteristics in 118 cases of PDACSingle factor HR*P*-value(95% IC)**CA1990.004** ≤35U/mL1 ＞35U/mL2.826 (1.401--5.701)**DNMT3a0.005** Low1 High1.887 (1.214--2.933)[^4]

DNMT3a promotes cell proliferation in PDAC cells {#S0003-S2002}
------------------------------------------------

From the result that excessive DNMT3a expression was associated with the high expression of Ki67, which suggesting that DNMT3a could promote the proliferation in PDAC, we then investigated the potential role of DNMT3a in PDAC cells proliferation. The efficacy of DNMT3a knockdown was confirmed by Western blotting after 48 and 72 hrs transiently transfection with DNMT3a siRNA in PANC-1 cells and SW1990 cells ([Figure 2A](#F0002){ref-type="fig"}). Then, MTT and colony formation assays were performed to assess the effect of DNMT3a on cell proliferation. As shown in [Figure 2B](#F0002){ref-type="fig"}, the cell viability of 1\# siRNA DNMT3a or 2\# siRNA DNMT3a groups at 48 and 72 hrs was significantly declined compared with the siRNA NC group. Similarly, the colony formation abilities were also impaired in DNMT3a knockdown PANC-1 cells and SW1990 cells when compared with control groups ([Figure 2C](#F0002){ref-type="fig"}). These results indicated that DNMT3a played a key role in cell growth in PDAC.Figure 2DNMT3a promotes the proliferation in PDAC cells. (**A)** PANC-1 and SW1990 cells were transfected with siRNA DNMT3a for 48 and 72 hrs. The expression levels of DNMT3a protein were confirmed by Western blotting. **(B)** The MTT assays showed that DNMT3a knockdown restrained proliferation of PDAC cells. (**C)** The colony formation ability of PANC-1 and SW1990 cells was significantly depressed after DNMT3a knockdown in vitro. \**P*\<0.05 vs parental cells with siRNA NC treatment; \*\**P*\<0.01 vs parental cells with siRNA NC treatment.**Abbreviations:** DNMT, DNA methyltransferase; PDAC, pancreatic ductal adenocarcinoma.

DNMT3a down-regulation induces multiple biological processes inhibited in PANC-1 cells {#S0003-S2003}
--------------------------------------------------------------------------------------

To further insight into the effect of DNMT3a on biological processes and signal pathways in PDAC, Affymetrix GeneChip Human Transcriptome Array analysis was performed in DNMT3a knockdown PANC-1 cells. Among the affected biological processes, the cell cycle-related process was identified as most relevant to DNMT3a expression ([Figure 3A](#F0003){ref-type="fig"}). Other depressed biological processes also included DNA replication, the cytokine-mediated signaling pathway, the interferon-gamma-mediated signaling pathway, chromosome segregation, positive regulation of protein autophosphorylation, and negative regulation of the apoptotic process. As shown in [Figure 3B](#F0003){ref-type="fig"}, cell cycle-related signal pathways of KEGG pathway analysis were suppressed after DNMT3a knockdown. Overall, the results suggested that the cell cycle played a major role in DNMT3a-induced proliferation in PDAC cells.Figure 3Knockdown of DNMT3a inhibits the key biological processes and signal pathway in PANC-1 cells. **(A)** DNMT3a down-regulation induced a mitotic cell cycle, G1/S transition of the mitotic cell cycle, and other multiple biological processes inhibited in PANC-1 cells. **(B)** DNMT3a down-regulation remarkably inhibited the cell cycle in PANC-1 cells according to KEGG analysis. PANC-1 cells transfected with 1\# siRNA DNMT3a were chosen as an appropriate cellular model to test the effects of DNMT3a knockdown.**Abbreviations:** DNMT, DNA methyltransferase; PDAC, pancreatic ductal adenocarcinoma.

DNMT3a accelerates cell cycle G1--S phase transition progression via IL8 by activating the STAT3 signaling pathway {#S0003-S2004}
------------------------------------------------------------------------------------------------------------------

To further explore the possible mechanism of DNMT3a in the regulation of PDAC cells proliferation, the distribution of cell cycle phases of PANC-1 cells was detected by flow cytometric analysis after DNMT3a transient knockdown of for 48 hrs. The percentage of G~0~/G~1~ phase cells increased and S phase cells decreased significantly in the PANC-1 cells after DNMT3a down-regulation compared with control cells (G~0~/G~1~ phase: 73.17%±0.90% vs 61.13%±1.25%, *P*=0.005; S phase: 14.68%±0.86% vs 24.33%±1.20%, *P*=0.0008, respectively) ([Figure 4A](#F0004){ref-type="fig"} and [B](#F0004){ref-type="fig"}). The expression of G1--S phase transition related-proteins, cyclin D1, p21 and p16, was decreased in DNMT3a knockdown PANC-1 cells, whereas no change observed in CDK4 ([Figures 4C](#F0004){ref-type="fig"} and S1). Moreover, the similar result was also obtained in SW1990 cells ([Figure S2](#SF0002)). According to the previous results of Affymetrix GeneChip Human Transcriptome Array analysis, the level of CCND1 mRNA down-regulated more than twofold in DNMT3a knockdown PANC-1 cells compared with control group. We speculated that down-regulation of transcription factors led to transcriptional inhibition in the *CCND1* gene after DNMT3a transient knockdown of in PANC-1 cells. p-STAT3, as a transcription factor of CCND1, is widely activated in PDAC. The phosphorylated STAT3 (Y705) was decreased in PANC-1 cells with DNMT3a down-regulation ([Figure 4D](#F0004){ref-type="fig"}). The changes in mRNA levels of different cytokines (IL6, IL8, and IL11) were confirmed by PCR according to Affymetrix GeneChip Human Transcriptome Array analysis ([Figure 4E](#F0004){ref-type="fig"}). Significant reduction occurred in the transcription of the IL8 gene and the level of IL8 in the supernatant of PANC-1 cells treated with siRNA DNMT3a, while no changes were obtained in IL6 and IL11 ([Figure 4F](#F0004){ref-type="fig"} and [G](#F0004){ref-type="fig"}). The siRNA IL8 was used to transiently knockdown the expression of IL8. We found a notable decline of cyclin D1 and p-STAT3 (Y705) in IL8 knockdown PANC-1 cells ([Figure 4H](#F0004){ref-type="fig"}). STAT3 (Y705) phosphorylation elevated in DNMT3a knockdown PANC-1 cells after exogenous IL8 treatment ([Figure S3](#SF0003)).Figure 4DNMT3a down-regulation inhibits cell cycle progression in PDAC cells. (**A)** The G1/S cell cycle block was detected by flow cytometry in PANC-1 cells after siRNA DNMT3a treatment for 48 hrs. **(B)** The related percentages of cells in G0/G1, S, and G2/M phase were depicted by a histogram, \*\**P*\<0.01 vs parental cells with siRNA NC treatment. (**C)** Western blotting showed that the expression of cyclin D1, p16 and p21 were decreased after siRNA DNMT3a transfection, while there was no significant alteration in CDK4. **(D)** Western blotting also showed that there were significantly reduced expressions of p-STAT3 in DNMT3a knockdown PDAC cells. **(E)** The changes in mRNA levels of different cytokines (IL6, IL8, and IL11) according to Affymetrix GeneChip Human Transcriptome Array analysis. **(F)** Real-time qPCR measured the changes in mRNA levels of different cytokines (IL6, IL8, and IL11) in DNMT3a knockdown PANC-1 cells, while there was significant decrease in mRNA levels of IL8. (**G)** IL8 level decreased in DNMT3a knockdown PANC-1 cells supernatant. (**H)** The down-regulation of IL8 was confirmed by an ELISA. Western blotting showed that p-STAT3and cyclin D1were significantly decreased in PANC-1 cells treated with siRNA IL8, while there was no significant alteration in STAT3. **(I)** STAT3 knockdown was observed in PANC-1 cells treated with siRNA STAT3 for 48 hrs. Western blotting analysis showed that the expression of p-STAT3 and cyclin D1 decreased in PANC-1 cells treated with siRNA STAT3. (**J)** The expressions of p-STAT3 and cyclin D1 declined in PANC-1 cells after treatment with stattic, especially after stattic treatment for 24 hrs. \*\**P*\<0.01 vs parental cells with siRNA NC treatment.**Abbreviations:** DNMT, DNA methyltransferase; PDAC, pancreatic ductal adenocarcinoma.

Accompanied by the significant decrease of STAT3 and phosphorylation of STAT3 (Y705), the expression of cyclin D1 was also significantly reduced in STAT3 transiently knockdown PANC-1 cells ([Figure 4I](#F0004){ref-type="fig"}). Similar, expression of cyclin D1 was also significantly down-regulated after treatment of inactivator of STAT3 (stattic, 10 μM) for 6 and 24 hrs ([Figure 4J](#F0004){ref-type="fig"}).

Together, these results indicated that DNMT3a regulated proliferation of PDAC cells, partly through accelerating cell cycle G1--S phase transition progression by regulation of extracellular IL8 levels, which activating the STAT3 signal pathway and eventually inducing the expression of cyclin D1.

DNMT3a restrains cell apoptosis in PDAC cells {#S0003-S2005}
---------------------------------------------

Next, the changes of apoptosis proportion were detected by flow cytometry in DNMT3a knockdown PANC-1 cells. As shown in [Figure 5A](#F0005){ref-type="fig"}, DNMT3a knockdown increased the cell apoptosis from 7.73%±0.64% to 20.60%±1.06% (*P*=0.0056) in PANC-1 cells ([Figure 5B](#F0005){ref-type="fig"}). In addition, the increase of cleavage of caspase-3, caspase-8, and PARP was also confirmed by Western blotting in siRNA DNMT3a treated PANC-1 cells ([Figure 5C](#F0005){ref-type="fig"}). These results indicated that DNMT3a could also inhibit apoptosis in PDAC cells.Figure 5Knockdown of DNMT3a promotes apoptosis in PANC-1 cells. (**A)** The cell apoptosis was increased as detected by flow cytometry in PANC-1 cells after siRNA DNMT3a treatment for 72 hrs. The apoptosis was reduced in cells with both DNMT3a and caspase-8 knockdown. (**B)** The apoptosis rates of PANC-1 cells treated with siRNA DNMT3a and siRNA CASP8 (annexin V positive cells, %). \**P*\<0.05 vs. parental cells with siRNA NC treatment,  \*\**P*\<0.01 vs cells with siRNA normal control NC treatment. (**C)** Western blotting analysis showed that the expression of apoptosis-related proteins (cleavage of caspase-3, caspase-8, cleavage of caspase-8, and PARP) was elevated in PANC-1 cells with siRNA DNMT3a transfection. (**D)** Real-time qPCR showed elevated mRNA levels of CASP8 in DNMT3a knockdown PANC-1 cells. [\*\*]{.smallcaps}*P*\<0.01 vs cells with siRNA normal control NC treatment. (**E)** No expression change was detected in the expressions of exogenous apoptosis-related proteins FADD, TNFR1, DR4, and DR5 in siRNA DNMT3a treated PDAC cells. (**F)** Co-immunoprecipitation assay revealed that DNMT3a down-regulation increased the combination of FADD and caspase-8, and enhanced the cleavage of caspase-8 accordingly.**Abbreviations:** DNMT, DNA methyltransferase; PDAC, pancreatic ductal adenocarcinoma.

According to the analysis result of above Affymetrix Gene Chip Human Transcriptome Array, the up-regulation of exogenous apoptosis-related gene, CASP8 in DNMT3a knocked-down PANC-1 cells aroused our concern, and was verified by real-time-PCR and Western blotting ([Figure 5D](#F0005){ref-type="fig"}). However, no changes of other exogenous apoptosis-related proteins and receptors, such as FADD, TNFR1, DR4 and DR5 were detected by Western blotting ([Figure 5E](#F0005){ref-type="fig"}). The apoptosis decreased after caspase-8 down-regulated in DNMT3a knockdown PANC-1 cells by siRNA CASP8 ([Figures 5A](#F0005){ref-type="fig"}, B and S4). To further reveal the mechanism of caspase-8 activation, co-immunoprecipitation was performed to identify formation of the DISC complex. The combination of FADD and caspase-8 was markedly increased, and the cFLIP-L combining with FADD decreased significantly ([Figure 5F](#F0005){ref-type="fig"}). Collectively, these results indicated that down-regulation of DNMT3a induced cell apoptosis partly via the exogenous apoptotic pathway in PDAC cells.

Discussion {#S0004}
==========

DNMT3a is an active member of the DNMTs family, which is responsible for *de novo* methylation during embryogenesis and somatic tissue development.[@CIT0019] It has been demonstrated that DNMT3a is highly expressed in embryonic cells and down-regulated after differentiation in adult somatic tissues.[@CIT0020] Recent studies have shown that aberrant up-regulation of DNMT3a occurs in tumorigenesis, contributes to the tumor progression and refers as a poor prognostic factor in melanoma, hepatocellular carcinoma, gastric cancer, and PDAC.[@CIT0017],[@CIT0021]--[@CIT0025] Zhang et al reported that the mRNA of DNMT3a increased in PDAC. Furthermore, the analysis indicated that although overexpression of DNMTs (DNMT1, DNMT3a, and DNMT3b) had strong value in poor prognosis, only DNMT3b was a significant independent poor prognostic factor.[@CIT0017] However, Gao et al reported that DNMT1 positive expression was considered as an independent poor prognostic factor, based on survival analysis in 66 PDAC patients.[@CIT0018] According to the limitations of previously analyzed cases, the actual role of DNMT3a in the prognosis of PDAC is still unclear.

In this study, we determined the significance and underlying mechanism of DNMT3a in PDAC through the analysis of 118 cases. Our results revealed that the overexpression of DNMT3a was significantly correlated with high TNM stages and poor differentiation, as well as an independent poor prognostic factor for OS, indicating that DNMT3a might be considered as a biomarker for PDAC prognosis. With the result that the expression of DNMT3a was positively correlated with Ki67, we speculated that DNMT3a was closely related to the proliferation in PDAC cells. Silencing DNMT3a did significantly inhibit the viability of PDAC cells, induce cell cycle arrest and apoptosis in vitro, suggesting that DNMT3a played an important role in proliferation of PDAC, and might be an important therapeutic target.

Previous studies reported that deficiency of DNMT3a remarkably inhibited the growth of melanomas in mouse melanoma models.[@CIT0022] DNMT3a depletion could induce reactivation of epigenetic silencing of the tumor suppressor gene *PTEN*, signiﬁcantly inhibiting the cell proliferative ability in HCC cells.[@CIT0023] Recently, He et al reported that DNMT3a promoted gastric cancer cell growth by disrupting the G~1~/S checkpoint via methylation of the promoter of p18^INK4C^, which caused the down-regulation of p18^INK4C^.[@CIT0026] All these results indicated that DNMT3a facilitated tumor development. However, the relationship between DNMT3a and PDAC tumorigenesis is still uncertain. In this study, we found that the suppressed expression of DNMT3a impeded the G1/S transition by down-regulation of cyclin D1, and restrained the activation of the STAT3 pathway. According to previous studies, p-STAT3 interacted with a promoter of the cyclin D1 gene, and directly regulated transcription of cyclin D1.[@CIT0027],[@CIT0028] Therefore, cyclin D1 protein expression was positively correlated with STAT3 protein and p-STAT3 expressions.[@CIT0029],[@CIT0030] Subsequently, siRNA STAT3 and stattic were used to depress the activation of STAT3 in PDAC cells. We found that cyclin D1 declined due to decreasing p-STAT3 expression. These results suggested that one of the mechanisms of the G1--S phase arrest was the transcription inhibition of cyclin D1 via p-STAT3 (Y705) caused by DNMT3a knockdown. STAT3 is a member of the STAT family, whose activity is implicated in biological processes, including cell proliferation, differentiation, anti-apoptosis angiogenesis, and carcinogenesis.[@CIT0031] STAT3, as a transcription factor activated by phosphorylation of a tyrosine, translocates to the nucleus and initiates target genes transcription.[@CIT0032] Persistent phosphorylation of STAT3 has been reported to widely exist in multiple human cancers, including pancreatic cancer.[@CIT0033]--[@CIT0035] Several proteins are known to inactivate STAT3 by dephosphorylation of STAT3 at its tyrosine or inhibition of the STAT3 DNA-binding activity, such as the protein inhibitors of activated STAT (PIAS), Src homology region 2 domain-containing phosphatase 1 (SHP-1), and the suppressors of cytokine signaling (SOCS).[@CIT0036]--[@CIT0038] For the past 10 years, studies have revealed that constitutive activation of STAT3 is partly due to the decreased expression of negative regulators, which is caused by corresponding hypermethylation of CpG islands in regions in multiple tumors, including PDAC.[@CIT0039]--[@CIT0041] Recently, Huang et al reported that up-regulation of DNMT1 induced SOCS3 methylation and negatively regulated SOCS3 expression.[@CIT0042] However, no changes of SHP-1 and SOCS3 were observed in DNMT3a knockdown PANC-1 cells (data not shown). We speculated that DNMT3a might have other activation mechanisms of the STAT3 pathway, which promoted proliferation in PDAC.

Based on our preliminary studies, DNMT3a down-regulation induced multiple biological processes inhibited in PANC-1 cells, including the cytokine-mediated signaling pathway. Our study found that the significant reduction of IL8 mRNA level and the expression level in supernatant was obtained in PANC-1 cells treated by DNMT3a siRNA. These results suggested that DNMT3a can further influence proliferation-related signal transduction by regulating the autocrine pathway of cytokines to the tumor microenvironment. O'Gorman et al reported that DNMT1 downregulation decreased IL-8 secretion in HCT116 intestinal epithelial cells via epigenetic promotion of IκBα expression, which negatively regulated the activation of NF-κB.[@CIT0043] However, whether DNMT3a has a similar regulatory mechanism of IL8 with DNMT1 in cancer, particularly in PDAC, is still unknown. Further investigation is needed to identify the target genes of DNMT3a related to IL8 expression to better characterize the latent mechanisms.

A decrease in apoptosis is considered as a mechanism of tumor progression. Aberrant methylation of apoptosis-associated genes leads to the abnormal expression of apoptosis-associated proteins and apoptosis depression. It was reported that zebularine, a DNMT inhibitor, induced apoptosis in lung cancer cells.[@CIT0044],[@CIT0045] In addition, Tan et al found that zebularine induced mitochondria-mediated apoptosis by upregulating Bax and activating caspase-3 in gastric cancer cells.[@CIT0046] Hypermethylation of the promoter of the CASP8 gene was found in HCC cells. Both knockdown of DNMT1 and DNMT3b-mediated demethylation of the CASP8 promoter induced up-regulation of caspase-8 and led to TRAIL-mediated apoptosis in HCC cells.[@CIT0047] Moreover, Gao et al reported that Bax mRNA was significantly increased in DNMT1- or DNMT3b-depleted PDAC cells due to DNA demethylation.[@CIT0018] Similar, another study reported that DNMT3a knockdown dramatically up-regulated 153 genes in HCC cells, including apoptosis-associated genes with CpG islands.[@CIT0023] These results suggested that DNMT3a might play an important role in the apoptosis of PDAC. In the present study, our results showed that DNMT3a knockdown induced cell apoptosis in PDAC cells. Caspase-8 and cleaved-caspase-8 notably increased, while there were no significant changes in FADD and exogenous apoptosis-related receptors in DNMT3a knockdown PANC-1 cells. In addition, knockdown of DNMT3a resulted in increased combination of FADD and caspase-8 in DISC, which induced the activation of caspase-8. We speculated that DNMT3a might regulate the expression of caspase-8 by DNA methylation in PDAC. Furthermore, the activation of caspase-8 was caused by the up-regulation in caspase-8 expression and the DISC complex, rather than the transmission of exogenous apoptotic signals.

Conclusion {#S0005}
==========

In summary, our study showed that DNMT3a overexpressed in PDAC, and high expression of DNMT3a was closely associated with poorer outcomes of PDAC patients. Furthermore, we found that down-regulation of DNMT3a could suppress PDAC cell proliferation by inducing cell cycle arrest and apoptosis, suggesting it is a key regulator of PDAC proliferation. DNMT3a knockdown caused G1--S phase transition arrest by decreasing the expression of cyclin D1, the underlying mechanism included DNMT3a downregulation-mediated reduction of IL8 levels in the tumor microenvironment and the subsequent inactivation of STAT3 signaling pathway. Furthermore, exogenous apoptosis was induced in DNMT3a downregulation PDAC cells, probably by DNA demethylation in CASP8. However, it still needs to further elucidate that the molecular mechanisms of DNMT3a governing PDAC cell cycle progression and apoptosis. Taken together, these findings indicate the DNMT3a serve as an independent biomarker for PDAC prognosis, which may also impact the therapeutic strategy for PDAC patients.
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[^2]: **Note:** ^a^Only 101 patients had preoperative CA199 level data in this study.
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